High-order orbital angular momentum (OAM) modes, namely, OAM 5 and OAM 6 , were generated and demonstrated experimentally by twisting a solid-core hexagonal photonic crystal fiber (PCF) during hydrogen-oxygen flame heating. Leaky orbital resonances in the cladding depend strongly on the twist rate and length of the helical PCF. Moreover, the generated high-order OAM mode could be a polarized mode. The secret of the successful observation of high-order modes is that leaky orbital resonances in the twisted PCF cladding have a high coupling efficiency of more than −20 dB. . In-fiber high-order OAM generators could be used to achieve a higher data transmission capacity in an all-fiber optical communication system. Unfortunately, no third-or higher-order modes have yet been experimentally demonstrated by in-fiber OAM generators.
The optical orbital angular momentum (OAM) of a light beam has exhibited potential applications in optical communications [1] , optical tweezers [2] , and atom manipulation [3] . Existing ways to generate OAM modes are usually based on free-space coupling methods, such as cylindrical-lens mode converters [4] , spatial light modulators [5] , integrated silicon devices [6] , and micrometer-scale metamaterials [7] . Researchers have recently demonstrated various all-fiber OAM generators based on standard single-mode fibers (SMFs) [8] , few-mode fibers [9] [10] [11] [12] [13] [14] [15] , photonic crystal fibers (PCFs) [16, 17] , and other special types of fibers [18, 19] . For example, the authors recently reported on an OAM convertor based on a helical long-period fiber grating inscribed by means of twisting a standard SMF [8] . A few researchers have demonstrated OAM 1 and OAM 2 convertors based on two- [9] [10] [11] and four-mode fibers [12] [13] [14] [15] , respectively. Moreover, Wong et al. demonstrated, for the first time, excitation of OAM resonances in a helically twisted standard solid-core hexagonal PCF, but no OAM modes were experimentally observed in such a twisted PCF [16] . OAM 1 modes have been demonstrated in a special type of twisted PCF, namely, a three-bladed core PCF [17] . In-fiber high-order OAM generators could be used to achieve a higher data transmission capacity in an all-fiber optical communication system. Unfortunately, no third-or higher-order modes have yet been experimentally demonstrated by in-fiber OAM generators.
In this Letter, OAM 6 modes are experimentally demonstrated by use of a helically twisted PCF. Such a high-order OAM generator was fabricated by twisting a solid-core hexagonal PCF during hydrogen-oxygen flame heating. The dependence of leaky cladding orbital resonance on the twist rate and length of the helical PCF was investigated to achieve a high-quality, highorder OAM generator. Moreover, experimental results exhibit that the generated OAM 6 mode could be a polarized mode.
The experimental setup illustrated in Fig. 1 in [8] and an endlessly single-mode solid-core PCF (ESM-12, NKT Photonics, Denmark) were employed to fabricate a helical PCF. As shown in Fig. 1 , the employed PCF exhibits a hexagonal microstructure with an air-hole diameter of 3.6 μm and a hole-to-hole space of 7.9 μm. One end of the PCF was fixed on a translation stage1. Another end of the PCF was installed along the central axis of a high-speed rotation motor affixed on another translation stage2. A hydrogen-oxygen flame produced by a hydrogen generator was launched to heat the PCF. The left end of the PCF was twisted via the motor with a rotational speed of Ω while its two ends continuously moved along the fiber axis with a velocity of v 1 1.60 mm∕s and v 2 1.38 mm∕s via translation stage1 and translation stage2, respectively. Note that the length (L) of the twisted PCF is given by the equation L v 1 T , the twist rate (α) is given by the equation α πΩ∕30v 1 , and the helical pitch (Λ) is given by the equation Λ 60 v 1 ∕Ω. After twisting the fiber with a rotational speed of Ω 115 rpm, as shown in Fig. 1(b) , a helical PCF with a twist rate of 7.53 rad/mm (helical pitch: 834.78 μm) was achieved. It is interesting to see from Figs. 1(c) and 1(d) that the diameter of the PCF was shortened from 125 to 109 μm, due to the heat-induced shrinking of air holes.
Two ends of the achieved helical PCF with a length of 4.6 mm and a twist rate of 7.53 rad/mm were spliced with two standard SMFs, respectively, to measure its transmission spectrum using an optical spectrum analyzer (Model AQ6370C) and an amplified spontaneous emission broadband light source with a wavelength range from 1250 to 1670 nm. As shown in Fig. 2(a) , two resonance dips, Dip 1 (1275.52 nm, −8.25 dB) and Dip 2 (1501.36 nm, −8.82 dB), were observed in the transmission spectrum, illustrated by the bold blue curve. A hexagonal cladding structure in the untwisted PCF cladding supports a fundamental "space-filling" mode (SM) whose axial Poynting vector points precisely along the fiber axis. When the PCF is gently twisted (αΛ ≪ 1), this SM is forced to follow a helical trajectory around the fiber core. This leads to a component of momentum flow in the azimuthal direction, creating discrete OAMs and causing orbital resonances [16, 17] . As a result, leaky orbital resonances in the cladding induce a series of dips in the transmission spectrum, as shown in Fig. 2 .
To investigate the effect of the twisted length on the transmission spectrum, the helical PCF sample shown previously was cut repeatedly to reduce its length from 4.6 to 1.8 mm using a computer-controlled precision cleaving system comprising an optical fiber cleaver, an industrial CCD camera, and a precision translation stage. In our experiments, the helical PCF was gradually cut 16 times to observe its transmission spectrum evolution with the decrease of the fiber length, as shown in the inset of Fig. 2 . The peak attenuation error of Dip 1 and Dip 2 in the helical PCF maybe result from the length error of the helical PCF cut by the cleaving system. For clarity, Fig. 2 shows only eight transmission spectrum curves. For each resonance dip (Dip 1 and Dip 2 ), as shown in Fig. 2 , the leaky orbital resonance strength in the cladding increased and then decreased gradually as the helical PCF length decreased [20, 21] . In other words, the helical PCF has an optimum length, corresponding to the maximum coupling attenuation at the resonant wavelength, which is similar to that reported on page 37 in [22] . For example, Dip 2 exhibited the maximum coupling attenuation of −17.43 dB at the wavelength of 1498.35 nm when the helical PCF length was shortened to 4.4 mm, as illustrated by the bold black curve in Fig. 2 . In contrast, Dip 1 exhibited the maximum coupling attenuation of −28.18 dB at the wavelength of 1276.70 nm when the helical PCF length was shortened to 3.4 mm, as illustrated by the bold pink curve in Fig. 2 . Therefore, leaky orbital resonances in the cladding depend strongly on the length of the twisted PCF.
To investigate the effect of the twist rate on the resonant wavelength, six helical PCF samples, with twist rates of 7.53, 7.85, 8.18, 8.51, 8 .84, and 9.16 rad/mm, were fabricated by applying rotational speeds of 115, 120, 125, 130, 135, and 140 rpm, respectively, to the rotation motor. For each helical PCF sample, as shown in Fig. 3(a) , one or two leaky orbital resonance dips, Dip 1 and Dip 2 , were observed within the wavelength range from 1250 to 1670 nm. For each order OAM mode, the resonant wavelength, corresponding to Dip 1 or Dip 2 , increases linearly with the twist rate, as shown in Fig. 3(b) . The resonant wavelength error of Dip 1 and Dip 2 maybe results from the helical pitch error of the twisted PCF. This is in good agreement with previously reported results [16] . According to the orbital resonance condition, the resonant wavelength (λ R ) of the helical PCF can be given by
where ρ is the radius of the cladding resonance, l is an integer representing its order, and n SM is the refractive index corresponding to the SM mode. Although it is difficult to assign precise values to n SM and ρ 2 in advance, experimental results reveal that the product n SM ρ 2 is a constant for a given PCF [16] . According to Eq. (1) and the experimental data shown in Fig. 3(b) , the reciprocal resonant wavelength (λ), in units of μm −1 , was plotted against mode order, which demonstrates that Note that Dip 2 of the three twisted PCF samples, with higher twist rates of 8.51, 8.84, and 9.16 rad/mm, respectively, were not observed due to the limit of the wavelength measurement range.
Letter the orders of successive cladding resonances run from l 5 to l 6. That is, the resonance dips, Dip 1 and Dip 2 , as illustrated in Fig. 3(a) , correspond to the OAM 6 and OAM 5 mode, respectively, generated by the helical PCF.
An experimental setup was demonstrated to detect the OAM modes generated by the helical PCFs, as shown in Fig. 4 . Light from a tunable laser (Model 81940A) with a wavelength range from 1520 to 1620 nm was collimated into a tunable polarized beam splitter (PBS) through a 10× objective lens to divide it into two parts. One part of the light was coupled into a helical PCF sample through a 10× objective lens to generate OAM modes, and then collimated into a beamsplitter (BS) through a 40× objective lens and a polarizer. Another part of the light was propagated into a half-wave plate and then into a BS through a lens with a focal length of 100 mm as a reference beam. The OAM modes generated by the helical PCF interfered with the reference beam on the BS. The beam profile and interference pattern of the generated OAM were observed using an infrared camera (Model 7290A). The splitting ratio of the PBS can be tuned to improve the interference pattern on the BS.
As shown in Fig. 5(a) , a helical PCF sample with a twist rate of 9.10 rad/mm and a length of 2.30 mm was fabricated to observe the generated OAM modes. Its transmission spectrum exhibits a resonance dip with a maximum attenuation of −22.27 dB at the resonant wavelength of 1578.62 nm. As shown in Fig. 5(f ) , the beam profile of the helical PCF at the nonresonant wavelength of 1521.62 nm exhibits a very high intensity in the core. In contrast, as shown in Fig. 5(c) , the beam profile of the helical PCF at the resonant wavelength of 1578.60 nm exhibits a very low intensity in the core. This indicates that the fundamental core mode is coupled into leaky OAM cladding modes, resulting from leaky orbital resonance. By establishing a two-dimensional numerical model in a helicoidal coordinate system [16] , we calculated the beam profile of the helical PCF with finite element modeling. As shown in Figs. 5(b) , 5(c), 5(e), and 5(f ), the simulated beam profile of the helical PCF is in good agreement with the measured beam profile whether at the resonant or nonresonant wavelength.
To verify the characteristics of a helical phase, the generated OAM mode was interfered with the reference beam. Consequently, anticlockwise spiral interference patterns for the OAM 6 mode, as shown in Fig. 5(d) , were clearly observed at a resonant wavelength of 1578.62 nm, which demonstrates that the OAM 6 mode was successfully generated. This is in good agreement with a previously reported simulation result, where an N -order (N 6) OAM mode can be generated by the PCF with N -fold (N 6) rotational symmetry in the cross section [23] . It is well known that the OAM of light was excited at the output of the twisted PCF, resulting from the twist-induced helical structure in the fiber. It is interesting to find from Fig. 5(g ) that a weak OAM 6 mode was also observed at the nonresonant wavelength of 1521.62 nm. This indicates that the fundamental core mode could be coupled into leaky OAM cladding modes within a wide wavelength range. And a highquality OAM 6 mode occurred at the resonant wavelength with a high coupling efficiency of −22.27 dB. Moreover, our experiments show that the higher the coupling efficiency of the resonance dip is, the easier it is to observe high-quality OAM modes. Compared with a high coupling efficiency of more than −20 dB in our helical PCF samples, the maximum coupling efficiency is only about −5 dB in the helical PCF samples reported by Xi et al. in [17] , which may be why no OAM modes were experimentally observed.
The beam profiles and interference patterns of the OAM 6 mode generated by the helical PCF at the resonant wavelength of 1578.60 nm were recorded by adjusting the polarizer in Fig. 4 to polarization orientations of 0°, 45°, 90°, and 135°. As shown in Fig. 6 , both the beam profile and interference pattern of the OAM 6 mode depend strongly on the polarization state of the light. Therefore, the generated OAM 6 mode could be a polarized mode [24] . Furthermore, a tunable laser, a polarization synthesizer (Agilent Model N7786B), and an optical power meter (Agilent Model N7744A) were employed to measure its polarization-dependent loss (PDL). As shown in Fig. 5(b) , the helical PCF has a maximum PDL of up to 13.67 dB at the wavelength of 1580.04 nm, which is due to an asymmetric azimuthal profile of refractive index modulation, resulting from the twist-induced deviations of the hexagonal microstructure, in the fiber. Therefore, such a helical PCF could be a polarization-dependent device. We will build a freespace polarization analysis system to investigate further the polarization dependence of the twisted PCF in the future.
In Fig. 3(c) , Dip 2 indicates that the OAM 5 could be generated in the helical PCF. As shown in Fig. 2 , leaky orbital resonances in the cladding depend strongly on the length of the helical PCF, and it is impossible that Dip 1 and Dip 2 simultaneously realize the maximum coupling attenuation by improving the length of the twisted PCF. So, another helical PCF sample was fabricated by applying a smaller twist rate of 7.72 rad/mm to bring Dip 2 within the wavelength range (1520-1620 nm) of our tunable laser and by improving its length to 2.72 mm to achieve the maximum attenuation of −14.76 dB, as shown in Fig. 7(a) . The maximum PDL of the helical PCF sample is 10.73 dB. As shown in Figs. 7(b) and 7(c), we measured the beam profile and interference pattern corresponding to the leaky orbital resonance, namely, Dip 2 , of the helical PCF, using the experimental setup illustrated in Fig. 4 . The anticlockwise spiral interference patterns for the fifth-order OAM mode were clearly observed at a resonant wavelength of 1564.04 nm, as shown in Fig. 7(c) . This demonstrates that the OAM 5 mode was successfully generated.
In conclusion, we generated and observed experimentally high-order OAM modes, namely, OAM 5 and OAM 6 , by twisting a solid-core hexagonal PCF during hydrogen-oxygen flame heating. Leaky orbital resonances in the cladding depend strongly on the twist rate and length of the helical PCF. Moreover, the generated high-order OAM mode could be a polarized OAM mode. The secret of the successful observation of high-order modes is that leaky orbital resonances in the twisted PCF cladding have a high coupling efficiency that exceeds −20 dB. Such a high-order OAM generator could be used to enhance data-transmission capacity in all-fiber optical communication systems. 
